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[i] Evaporite-rich sedimentary deposits on Mars were formed under chemical conditions 
quite different from those on the Earth. Their unique chemistries record the chemical and 
aqueous conditions under which they were formed and possibly subsequent conditions 
to which they were subjected. We have produced evaporite salt mineral suites in the 
laboratory under two simulated Martian atmospheres: (1) present-day and (2) a model of 
an ancient Martian atmosphere rich in volcanic gases. The composition of these synthetic 
Mars evaporites depends on the atmospheres under which they were desiccated as well as the 
chemistries of their precursor brines. In this report, we describe a Mars analog evaporite 
laboratory apparatus and the experimental methods we used to produce and analyze the 
evaporite mineral suites. The acidic, “paleo-Mars” gas mixture was C0 2 with trace amounts 
of S0 2 , N 2 0, and HC1 to simulate an atmosphere influenced by volcanic emissions. 

Brines formed by the interaction of water with an SNC-derived synthetic Mars mineral mix 
were produced under the acidic Mars atmospheric gas mixture. The brines were then 
desiccated under the two different simulated Mars conditions in the evaporite apparatus. 

Infrared reflectance spectroscopy and SEM microprobe analyses reveal that salts 
precipitated from the brine evaporated under simulated present Mars conditions were 
chemically different from those formed under the acidic Mars atmosphere conditions. 

The primary salt precipitated from the brine evaporated under present-day Mars conditions 
was a hydrated calcium sulfate, with lesser amounts of a magnesium sulfate and aluminum 
sulfate. Salts precipitated from the brine evaporated under an acidic atmosphere were 
dominated by magnesium sulfates, with lesser amounts of Na 2 S0 4 . These experiments 
suggest ways that relative cation abundances in Martian sulfate -bearing sediments can 
indicate the atmospheric and aqueous conditions under which they were formed. We 
conclude that the salts that make up the Meridiani sediments were probably formed by the 
interaction of water and igneous rocks at a high water-to-rock ratio, followed by desiccation 
under an atmosphere rich in acidic volcanic volatiles. The formation of Ca sulfates on 
Mars has most likely been due to the evaporation or freezing and sublimation of waters 
in equilibrium with an atmosphere much like the present. 

Citation: Moore, J. M., M. A. Bullock, H. Newsom, and M. Nelson (2010), Laboratory simulations of Mars evaporite 
geochemistry, J. Geophys. Res., 115 , E06009, doi:10.1029/2008JE003208. 


1. Introduction 

[2] Evaporite mineralogy is apparently widespread on 
Mars. The stunning presentation of sulfate -rich sedimentary 
rocks that greeted the MER rover Opportunity when it first 
opened its eyes on Meridiani Terra leaves little doubt that 
liquid water was responsible [Squyres et al , 2004]. The 
OMEGA visible and near-IR spectrometer on board the Mars 
Express spacecraft has detected large amounts of gypsum, 
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kieserite, and polyhydrated sulfates in Meridiani, Margar- 
itifer, and the enclosed basins of the greater Valles Marineris 
region [Bibring et al ., 2005; Gendrin et al ., 2005]. CRISM 
on MRO found that layered deposits in the Valles Marineris 
exhibit stratification in sulfate and ferric mineral assemblages, 
suggesting a time- variable chemical environment [Murchie 
et al , 2008]. In every case, sulfates are associated with 
light-toned layered deposits. Sulfates also exist in the large 
polar dune fields of Olympia Planitia [Langevin et al , 2005; 
Murchie et al , 2008]. Some layered sulfates, such as those 
exhumed at Meridiani Terra and in Juventae Chasma, are 
massive, with stacks up to 1 km thick or more [Bibring et al , 
2005; Gendrin et al, 2005]. 

[3] In the case of Meridiani, and western Arabia in general, 
careful geological mapping of the light-toned sulfate-rich 
units that underlie the hematite regions detected by MGS TES 
[Christensen et al , 2000a] reveals outliers with the same 
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Figure 1. Geologic map of widespread differentially eroded 
sedimentary deposits of Meridiani Planum, which, in total 
extent, cover an area about the size of the Colorado Plateau 
and are collectively perhaps over 1 km thick. The various 
plains units (denoted by first letter P) are well layered and 
each up to -200 m thick. Unit Ph is the gray hematite-bearing 
Meridiani Formation upon which MER B landed (white 
X marks location). Unit Cu is thought to be the highest strati- 
graphic unit by Hynek [2004], whereas both units Cu and 
Cd are considered by Edgett and Malin [2005] to be strati- 
graphically high. Both investigations place unit CS at the 
bottom of the stack, with layered unit IL just above it. Unit Cd 
is also thought by Hynek [2004] to be low. Small outcrops of 
crater material are unlabeled. Map modified from Hynek et al. 
[2002], courtesy of B. Hynek. 

sedimentary sequence, implying that the thick stack of sul- 
fates covers tens of thousands of square km [ Griffes et al, 
2007; Poulet et al, 2008]. Geologic mapping of Meridiani 
hematite units shows that they are in the midst of at least a 
600 m thick stack of friable layers superposed on middle to 
late Noachian cratered terrain [ Christensen and Ruff, 2004; 
Edgett and Malin , 2002, 2005; Hynek et al , 2002]. Bedding 
remains consistent and uniform over thousands of square km. 
In places, erosion has removed vast portions of the strati- 
graphic sequence (Figure 1). The implication is that this entire 
region, about the size of the Colorado plateau, was inundated 
with water episodically, buried, and then exhumed [Edgett 
and Malin , 2002, 2005; Hynek , 2004]. A similar strati- 
graphic sequence is observed in the plains cut by some 
parts of the Valles Marineris. Looking at sequences in NW 
Meridiani and SW Arabia Terra, Edgett and Malin [2005] 
concluded that they are just a small part of a regional occur- 
rence of light- toned sedimentary rocks that outcrop all across 
Meridiani and underlay the hematite layer. In some areas, 
as much as 600 m has eroded away, exhuming deeper 
underlying layers. 

[4] In addition to sulfate-rich layers, deposits that contain 
clays have been observed by OMEGA in the Mawrth Vallis 
region of Arabia, as well as elsewhere [Loizeau et al , 2007; 
Poulet et al , 2005]. This led Bibring et al [2006] to propose 


that Mars has had three different epochs of aqueous history: 
The first, during the early and mid-Noachian was character- 
ized by a vigorous hydrologic cycle, near neutral pH waters, 
and the alteration of basalts to phyllosilicates. The next 
chemical epoch was characterized by smaller amounts of 
sulfuric acid-laden waters and the deposition of sulfates 
during the late Noachian to mid-Hesperian. From just before 
the Amazonian on up to the present, the surface has been 
superficially weathered with almost no liquid water, pro- 
ducing the ubiquitous anhydrous ferric oxides. 

[5] The horizontal extent and continuity of the Meridiani 
layers is consistent with their being laid down as lacustrine or 
marine deposits. MER Opportunity has shown locally that 
even aeolian sandstone can harbor sulfate cement, presum- 
ably emplaced by groundwater [McLennan et al , 2005]. 
Analysis of the geomorphic and bedding features of outcrops 
in Eagle, Endurance, and Erebus craters, such as cross lami- 
nation and the festoon features seen at cm scales also indicates 
that these rocks, at least, were laid down in a shallow body of 
water that experienced flow rates of tens of cm/s [Grotzinger 
etal. , 2006, 2005; Squyres et al , 2004]. Other interpretations 
exist. It has been suggested that the morphological features 
seen at small scale attest to their production by an impact 
[Burt et al , 2005] or as altered pyroclastic deposits [Arvidson 
et al , 2003; Hynek et al , 2002]. Sulfate cements within 
aeolian sandstone are consistent with the idea that circulating 
fluids at depth could have also been responsible for the for- 
mation of the hematite seen at Meridiani [Christensen and 
Ruff 2004; McLennan et al , 2005]. 

[6] The existence of massive layers of sulfates on Mars is a 
tremendous clue to its ancient aqueous and climate history 
[Bibring et al , 2006; Bullock and Moore , 2007; Moore , 
2004]. The chemical and physical nature of these deposits 
record the conditions under which they were formed, altered, 
and later revealed by erosion. In order to connect these 
exciting discoveries on Mars to their meaning for the history 
of the planet, it is essential to understand how sulfates and 
other salts are formed under Martian conditions. 

2. Sedimentary Rocks at Meridiani Planum 

[7] Sedimentary rocks at Meridiani are made up of fine- 
grained particles, Mg and Fe sulfates, and spherule concre- 
tions of hematite. The sulfates make up to 40% of the mass of 
the outcrop, while jarosite, KFe 3 (S0 4 )2(0H) 6 makes up about 
8% of the sulfates [Clark et al , 2005]. Hematite makes up 
about 10% of the mass of the outcrops. S is enriched in out- 
crops compared to soil, but Cl is not. This suggests frac- 
tionation by differential solubility. Br, however is highly 
variable over short length scales. Since bromides are more 
soluble than chlorides for the same cation, the variation is 
clearly due to differential solubility and transport by water. 
Most of the salts are hydrated, providing some of the H sig- 
nature seen by the Mars Odyssey Gamma Ray Spectrometer 
[Arvidson et al , 2005]. The sediments have had a complex 
history of diagenesis, with the formation of spherical hematite 
concretions 4—6 mm in diameter and crystal mold vugs. The 
tabular shape of the vugs (1-2 x 10 mm) is consistent with 
their being formed by crystals of gypsum or Mg sulfate, 
which were then later dissolved by water and removed. Linear 
deconvolution of Mini-TES spectra of Meridiani outcrops 
shows them to be composed primarily of amorphous silica/ 
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glass/phyllosilicates and Mg-, Ca-, and Fe-bearing sulfates, 
and smaller amounts of plagioclase [Glotch and Bandfield , 
2006]. 

3. Theories of the Origin and Evolution 
of the Martian Salts 

[8] The sulfates of Mars are the remains from epochs of 
more vigorous hydrology and erosion. They are possibly the 
detritus of a lost ocean or the stored products of globally 
extensive rock/volcanic acid interactions in the post Noa- 
chian [Banin et al. , 1997]. Alternatively, the Martian soil may 
largely be the products of high-temperature aqueous alter- 
ation, derived from volcanic or impact hydrothermal systems 
[Newsom and Hagerty , 1997]. Proposed explanations for the 
origin of mobile ions in the Martian soil fall into four catego- 
ries: (1) high-temperature hydrothermal alteration of basalts, 
(2) deposition by volcanic aerosols and gases, (3) groundwater 
interactions with igneous rocks, and (4) contributions from 
meteoric infall. The dominance of one or more of these pro- 
cesses can be distinguished in principle by observing bulk 
and trace element enrichment patterns and mineralogy. Each 
process has important implications for the nature and history 
of water on Mars. 

[9] Clark and Van Hart [1981] pointed out that the Martian 
salts could have formed by either chemical weathering of 
igneous rocks due to liquid water [Clark etal., 1976; Toulmin 
et al , 1977] or by gases released during volcanic activity, 
fumarole venting, or surfaceward migration of gases from 
magma chambers. Newsom and Hagerty [1997] proposed 
that the globally ubiquitous, homogeneous fines units on 
Mars are composed of some mixture of three types of basaltic 
alteration products: Those produced by volcanic and impact 
degassing, hydrothermal processes, and chondritic material. 
Banin et al [1997] performed experiments involving the 
acidification of partly palagonitized tephras in order to assess 
the possibility that mobile components in the Martian soil are 
enriched due to geologically recent interaction of volcanic 
acidic volatiles with basalts. They noted that the formation 
of nanocrystalline iron oxide phases that seem to characterize 
much of the Martian fines materials are inconsistent with 
the dry conditions that prevail today. They suggested instead 
that the topsoil layers of Mars may have been formed by 
extremely slow, ongoing weathering interactions, driven by 
acidic volatiles deposited from the atmosphere in the recent, 
dry environment of Mars. 

[ 10 ] McSween and Keil [2000] deduced the composition of 
the pervasive global dust layer of Mars by plotting various 
mixing trends of oxides and S0 3 from Viking and Pathfinder 
elemental analyses. Chemical compositions of soils at Viking 
1 and Mars Pathfinder landing sites show different effects of 
mixing. Viking soils contain varying amounts of chloride and 
sulfate salts as cements, while compositional variations in the 
Pathfinder APXS data result from admixture of small frag- 
ments of local andesitic rock. The two mixing trends intersect 
at approximately the same composition, which probably 
represents a globally homogeneous dust. This composition lies 
along weathering trends for terrestrial basaltic rocks, rather 
than andesitic or other felsic lithologies. They concluded that 
the basaltic protolith was chemically similar to the basalts 
found in the shergottite meteorites. They suggested that pala- 
gonitization, rather than hydrothermal alteration at higher 


temperatures or reactions with acidic volcanic volatiles, may 
be the best analogy for the formation of the Martian soils. 

[ 11 ] Zolotov and Shock [2005] hypothesized that regional 
heating at Meridiani caused a release of sulfide-rich water. 
They calculated that near-surface aqueous oxidation of pyrite 
could lead to the sulfate chemistry seen in Meridiani by MER 
Opportunity. In laboratory experiments, Chevrier et al 
[2004] were able to replicate some of the inferred Meridiani 
sulfate mineralogy by the weathering of iron, magnetite, 
and pyrrhotite under simulated Martian conditions. Detailed 
experiments on the nature of evaporites produced in simu- 
lated Martian conditions show that basalt aqueous weathering 
leads to Mg-Fe-S0 4 -Cl brines depleted in Ca, Al, and K 
[Tosca and McLennan , 2006]. Modeling and laboratory anal- 
yses [McLennan et al , 2007; Tosca et al , 2005, 2008] sug- 
gest that the aqueous weathering of olivine-rich basalts in 
acidic conditions predicts many of the features of the sulfate 
and iron phases seen at Meridiani. 

4. Experimental Apparatus 

[12] Laboratory experiments were conducted to determine 
the identity of evaporites that would result from the dehy- 
dration of the brines produced in our earlier experiments. Our 
goal was to form these evaporates under controlled Mars-like 
conditions. To accomplish this, we designed and fabricated 
the Mars evaporites experimental apparatus. The Mars eva- 
porites experimental apparatus has been carefully designed 
to provide a Mars-like environment with finely controlled 
pressure, temperature, gas flow, gas composition, and liquid 
environments for up to nine independent reaction vessels. 
Care was taken to design and fabricate a robust experimental 
apparatus that maintains sample and reaction vessel integrity. 
The Mars evaporites experimental apparatus consists for 
five major subsystems, which work together to maintain the 
precise environmental conditions (Figure 2). The five sub- 
systems of the apparatus are (1) the sample vessel container 
block; which sits within (2) the hermetically sealed envi- 
ronment chamber; (3) a closed-loop vessel container block 
temperature control system; (4) a closed-loop environment 
chamber pressure and gas flow system; and (5) a computer- 
controlled temperature, pressure, and 0 2 sensor data logger. 

[ 13 ] A laptop computer running Labview, with a PCMCIIA 
data acquisition card serves as the controller and logger, 
measuring temperature and pressure in the chamber, logging 
data and controlling the gas pressure in the chamber. All of 
these subsystems create and maintain the integrity of an 
isolated Mars environment- simulating system with nine 
sample locations for evaporite aliquots. 

4.1. Sample Vessel Container Block 

[14] The sample vessels are supported within an 18 x 16 x 
10 cm stainless steel block which was machined to accept 
cylindrical sample receivers and coolant fluid. Formation 
of the evaporites is carried out in thin, conical 50 cc Teflon 
sample holders that sit inside and line the cylindrical 
receivers. Precipitation occurs at the bottom of each sample 
holder on a gold-plated TEM sample grid with a holey carbon 
thin film, which is removed at the conclusion of a run and 
sent to a lab for analysis. Each receiver contains a conical 
cavity for supporting the Teflon sample holders, a helical 
groove about the outside diameter, and two O rings to contain 
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Figure 2. Schematic diagrams of the Mars evaporites experimental apparatus, (a) The environmental 
chamber encloses the sample vessel container block. Computer-controlled closed-loop circuits maintain 
pressure and temperature within the environment chamber. An 0 2 sensor monitors the system for contam- 
ination. (b) Nine conical Teflon sample holders sit within cylindrical receivers outfitted with helical grooves 
through which a coolant is circulated for maintaining a constant temperature. The Plexiglas and steel envi- 
ronment chamber has gas, coolant, and electrical feedthroughs. 


coolant. The helical groove provides efficient circulation of 
the coolant near each sample for temperature stability. The 
sample holders and receivers are mounted into the stainless 
steel block that is itself fitted with coolant lines to further 
ensure an isothermal environment. Temperature sensors are 
also distributed within the block. 


4.2. Environment Chamber 

[15] The entire sample vessel container block resides 
within an environment chamber with interior dimensions of 
33 . 5 x 21 x 18 cm. The environment chamber is composed of 
Plexiglas walls hermetically affixed to a stainless steel frame 
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and able to maintain a pressure as low as 10 mbar against 
ambient pressure with a leak rate of up to 0.1 mbar/s at 
10 mbar. The top-facing Plexiglas wall is easily detached to 
allow access to the sample face of the sample vessel container 
block. The widespread use of Plexiglas, stainless steel, and 
Teflon throughout the apparatus is so that corrosive gases can 



be used without fear of reaction that could either change the 
chemical evolution of the samples or jeopardize the integrity 
of the apparatus (Figure 3). 

[16] The environment chamber itself resides within a 85 x 
59.5 x 50 cm Plexiglas glove box, which is slightly over- 
pressurized with C0 2 for the duration of an experiment, and 
can be flushed with C0 2 while samples are being setup or 
extracted. Samples can be moved in and out of the glove box 
through an air lock, which can also be flushed with C0 2 . The 
slight overpressurization of the glove box serves as an addi- 
tional barrier to 0 2 contamination from any small leaks of the 
underpressurized environment chamber. 

4.3. Temperature Control System 

[ 17 ] The temperature of the samples is controlled by their 
placement deep within the sample vessel container block. The 
sample vessel container block has a large thermal mass in 
order to minimize temperature fluctuations in the samples. 
The sample vessel container block’s temperature is controlled 
by a liquid recirculating temperature control unit (TCU), which 
receives temperature information from several thermistors 
embedded within it. The TCU uses ethylene glycol as the 
recirculating fluid. The fluid circulates within the aluminum 
block via channels machined into it that transmit coolant to 
each cylindrical sample receiver, whose exterior helical grooves 
provide a circuit for coolant around each receiver. This closed- 
loop temperature control system keeps the pallets and sample 
flasks within ± 1.0°C of the designated set point (between 
-40°C and 25°C) for the duration of the experiment. 

4.4. Gas Flow System 

[ 1 8] The environment chamber has been fitted with two gas 
valves: one for flushing its interior with a synthesized Mars 
gas and the other for providing the environment chamber with 
gas (and water vapor) outflow and maintaining a constant 
pressure. The chamber can be maintained at any pressure 
between 1 and 1000 mbar with 1 mbar accuracy. The gas 
input and output valves are Teflon solenoids, which can be 
actuated both manually and by the computer controller. In 
line with the input valve is a metering valve so that the rate of 
input can be finely adjusted. The environment chamber 
pressure is measured every second, while the mean pressure is 
logged every 60 s. The pressure reading is used by the 
computer to regulate the environment chamber pressure. 
Every 5 s the computer averages the last five measurements 
from the pressure sensor. The average is taken to remove the 
effect of minor fluctuations in the pressure that might be 



Figure 3. (a) Environment chamber with interior sample 
vessel container block. Gas and electric feedthrough can be 
seen at the rear of the chamber. On the far left is one of nine 
cylindrical sample receivers, with helical grooves for circulat- 
ing coolant, (b) Entire Mars evaporite experimental appara- 
tus. The environment chamber sits within the Plexiglas 
glove box. Above the glove box is the controller computer 
running Lab view. To the right of the glove box is the air lock, 
with some interface electronics on top of it. Below the glove 
box are additional electronics and the recirculating heater/ 
cooler, (c) Conical Teflon sleeve in which the precipitates 
form, and cylindrical sample receiver with helical coolant 
grooves. 
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Table 1. Synthetic Mars Analog Brines Recipe for an Acidic Mars Paleoatmosphere 



Ion 

K 

Fe 

Al 

Mg 

Ca 

Na 

Cl 

no 3 

S0 4 

O 

O 

w 

Salt 

[M] 

1.79E-05 

5.37E-07 

3.45E-04 

2.01E-03 

1.42E-03 

1.44E-04 

5.36E-05 

8.06E-06 

2.45E-04 

7.80E-04 

KC1 

1.79E-05 

1.79E-05 






1.79E-05 




FeCl 2 

5.37E-07 


5.37E-07 





1.07E-06 




A1 2 (S0 4 ) 3 

8.15E-05 



1.63E-04 






2.45E-04 


ai 2 (C0 3 ) 3 

9.08E-05 



1.82E-04 







2.72E-04 

MgN0 3 

8.06E-06 








8.06E-06 



MgC0 3 

2.01E-03 




2.01E-03 






2.01E-03 

Na 2 C0 3 

7.18E-05 






1.44E-04 




7.18E-05 

CaC0 3 

1.42E-03 





1.42E-03 





1.42E-03 

HC1 

3.46E-05 







3.46E-05 




Remainder 


0.E+00 

0.E + 00 

l.E-15 

0.E + 00 

0.E + 00 

0.E + 00 

0.E + 00 

0.E + 00 

0.E + 00 



caused by an immediately proceeding pressure adjustment. If 
the environment chamber pressure rises by more than 1 mbar 
of the preset pressure, the computer responds by opening a 
solenoid valve for 1 s and allowing access to a continuously 
operating vacuum roughing pump to depressurize the system. 
If the environment chamber pressure is within its preset value, 
the system is not depressurized and the computer continues 
in its “measure and check” cycle. 

4.5. Temperature, Pressure, and 0 2 Data Logging 

[ 19 ] A Cambridge Sensotec Rapidox 200 0 2 sensor 
(capable of detection of 0 2 down to 10-17 ppm) has been 
fitted into the output line. 0 2 is constantly monitored by the 
computer controller in order to detect any oxygen contami- 
nation. An electrical feedthrough allows signals from ther- 
mistors attached to the sample vessel container block to be 
passed to the computer logger/controller. 

5. Experimental Procedures 

5.1. Synthetic Brines Formulation 

[ 20 ] The production and analyses of Mars analog brines 
under present-day Mars conditions [Bullock et al . , 2004] and 
under a more acidic, paleo-Mars atmosphere [Bullock and 
Moore , 2004] supplied us with the possible ionic contents 
of subsurface waters on Mars. We found that cation and S/Cl 
ratios in laboratory brines produced under present-day Mars 
conditions were similar to those of the Martian fines mea- 
sured at the two Viking lander sites and at the Mars Pathfinder 
landing site. However, brines produced in our laboratory 
under a gas mixture with S0 2 , N0 2 , and HC1 had enhanced 
Ca and Mg abundances and a S/Cl ratio about 2 orders of 
magnitude higher than the Martian fines. These latter brines 
may be more representative of waters that hosted the pre- 
cipitation of some sulfates on Mars [e.g., Zent and Fanale , 
1986; Zent et al ., 1990], such as those seen at Meridiani, 
since the ancient Meridiani outcrops are many times higher in 
sulfate than the globally homogeneous fines. The evaporites 
we report on here were produced from synthetic versions of 
these brines. Because laboratory brine formation takes about 
a year under simulated Mars conditions and yields only a 
small amount of brine, we used the cation and anion analysis 
of these brines [Bullock and Moore , 2004] to create a recipe 
for identical synthetic brines. It is these that were used to 
create Mars analog evaporites. 

[ 21 ] The reaction equations and equilibrium concentration 
modules of Outokumpu HSC chemistry software were used 


to calculate equilibrium constants at 3°C and to determine 
the type and quantity of salts used to prepare the solution. 
Reagent grade salts (aldrich chemical) were used in a com- 
bination that allowed the desired concentrations of ions to 
remain in solution without causing precipitation due to 
common ion effects. The first step of the preparation proce- 
dure involved dissolution of the calcium carbonate compo- 
nent of the brine using an acidic silica standard solution. 
Once the carbonate dissolved, this solution was diluted using 
1 8 mOhm ultrahigh purity water (Milli-Q) to create a 2 1 ppm 
silica solution. The other salts were then sequentially dis- 
solved in this solution, which contained the desired quantity 
of dissolved silica. Table 1 shows the salt concentrations used 
to make the synthetic brine. The second row lists the ion 
concentrations of the experimental brine, while the second 
column shows the concentration of salt used in the synthetic 
brine. The last row shows the difference in concentration 
between the experimental and the synthetic brines. 

5.2. Laboratory Procedures 

[ 22 ] The initial experiment was a study of evaporites 
formed by rapid evaporation of the synthetic brine formed 
under modem Mars conditions. We conducted an analysis of 
our synthetic brine and compared its composition with the 
brine produced in our brine experiment. We found that the 
synthetically produced brine was quite similar to that created 
in our yearlong experiment, except that the synthetically 
produced brine (SPB) was higher in sulfates by about an 
order of magnitude (Figure 4). The SPB was created using 
deoxygenized water. The stored SPB was sealed (with an 
argon headspace) to prevent the reintroduction of oxygen. 
Prior to the drawing of aliquots, the SPB was aerated with 
argon for 12 h. SPB, thus prepared, was passed into the 
Plexiglas glove box, which was overpressurized with argon 
as well. 

[ 23 ] The necessary tools to draw and measure aliquots of 
SPB were already present within the glove box. Aliquots of 
the SPB were placed into nine sample holders (in the amounts 
of 3 at 20 ml, 3 at 10 ml, 3 at 5 ml). The filled sample holders 
were then placed into their individual sample receivers. The 
sample chamber (within the glove box) was then sealed and 
the Mars Gas Simulant (MGS) was introduced into the 
sample chamber. The sample chamber was first cooled to the 
experiment-mn operating temperature (see Table 2). Then 
the pressure within the sample chamber was slowly adjusted 
to the experiment-mn operating pressure (Table 2). Pressure, 
gas flow rate, MGS composition, and temperature were held 
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Figure 4. Composition of synthetic brine used to create eva- 
porites (solid light blue line) compared with the composition 
of brine produced in the experiments reported by Bullock and 
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constant throughout the experiment. Argon was used to 
maintain positive pressure within the glove box throughout 
the experiment as a means of preventing sample chamber 
gas contamination. Video cameras provided supervision 
of the evaporation process. Visual desiccation progress was 
logged. Pressure, temperature, and the absences of oxygen 
contamination were automatically logged throughout the 
experiment. 

[ 24 ] When the samples were observed to be thoroughly 
desiccated, the pressure and temperature of the sample 
chamber were brought to ambient, but with the continued 
flow of MGS within in the sample chamber. The glove box 
was then purged for 24 h with the experiment- specific MGS. 
Once this was done, the sample chamber was unsealed (still 
under MGS purge within the glove box) and the sample- 
containing sample holders were immediately removed, sealed 
and passed out of the glove box. Samples were then prepared 
for overnight transportation for analysis (Figure 5). 

5.3. Salt Production via Fast and Slow Evaporation 

[ 25 ] Brines formed in the subsurface of Mars during peri- 
ods rich in sulfur gases due to volcanic activity may have 
evaporated during the same era or may not have evaporated 
until later in the colder, drier climate that characterizes the 
Amazonian. Synthetic brines were made from the chemistry 
of water derived from incubating a Mars analog mineral mix 
in water under an acidic Mars analog paleoatmosphere 
[Bullock and Moore , 2004]. We then synthesized two kinds 
of evaporites: those formed by the evaporation of brines 
under simulated present-day conditions and those formed by 
the evaporation of brines under an acidic atmosphere with 
100 ppm S0 2 , 10 ppm N0 2 , and 10 ppm HC1. 


Table 2. Experimental Matrix for Mars Evaporites Production 


Evaporation 


Modem Mars 

Paleo-Mars 

Style 

Conditions 

Gas 

Gas 

Fast 

T = 25°C, 50 mbar 

1-9 

19-27 

Slow 

T = 0°C, 10 mbar 

10-18 

28-36 


[ 26 ] Each type of evaporite was subjected to two modes 
of desiccation: fast at 25 °C and 50 mbar and slow at 0°C and 
10 mbar. For each of these four experiments, the synthetic 
brines were placed into nine sample holders (in the amounts 
of 20 ml) and desiccated under simulated Mars atmospheres 
under conditions listed in the experimental matrix (Table 2). 
Nine aliquots each were desiccated by fast (days) and slow 
(weeks) evaporation, and under the flow of a Mars analog 
present atmosphere and an acidic Mars analog paleoatmo- 
sphere. The aliquot numbers for each of the experiments are 
listed in Table 2. 

6. Evaporite Analyses and Results 

6.1. Infrared Spectroscopic Analysis 

[ 27 ] In order to compare our synthetic evaporites with those 
found at the surface of Mars, we obtained infrared reflectance 
spectra of each of our samples. Samples were shipped to the 
Planetary Electrical Properties and Geochemistry (PEPG) 
laboratory at Southwest Research Institute in Boulder, 
Colorado. We used a Thermo Electron 6700 Fourier Transfer 
Infrared Spectrometer (FTIR) with an ETC Everglow mid- 
infrared source, KBr beam splitter, and MGTS detector. The 
spectrometer was fitted with a diffuse reflectance attachment 
for obtaining measurements most comparable to remotely 
sensed IR spectra at Mars from MiniTES. Spectra were 
obtained for each evaporite suite from 4000 to 500 cm (2.5 
to 20 fm 1 ) at a resolution of 1 cnT 1 . For purposes of com- 
parison, we obtained spectra under identical conditions for 
gypsum, kieserite, and copiapite. Figure 6 (top) is a reflec- 
tance spectrum for sample C, the precipitate produced during 
evaporation under the modem Mars gas mixture. Sample C 
consisted mostly of blades of crystals, sometime in contact 
with a more amorphous precipitate. Below the sample C 
spectmm are the comparison spectra. Features common to 
both kieserite and gypsum are seen in the sample C spectmm. 



Figure 5. Salt precipitates produced in the Mars evaporites 
apparatus. Approximately 50 mg of evaporites were formed 
from 20 ml of brine. Salts were sealed in the conical Teflon 
sleeves by folding and taping the wide end. The sealed 
sleeves were then shipped to the Planetary Electrical Proper- 
ties and Geophysics Laboratory at Southwest Research in 
Boulder, Colorado, for infrared spectral analysis, and to the 
Institute for Meteoritics at the University of New Mexico 
for SEM and microprobe analysis. 
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Figure 6. FTIR reflectance spectrum of evaporite formed by 
fast evaporation of Mars analog brine under simulated acidic 
conditions on Mars. The broad dip at 3500 cm -1 is diag- 
nostic of sulfates, but the depth of the double band at 3000 
and 3100 cm -1 and the structure of the 900-1200 cm -1 region 
is indicative of kieserite. The structure from 1500 to 
1700 cm -1 , however, is much more consistent with gypsum. 
Comparison with the ASU spectral library [ Christensen et al , 
2000b] shows the presence of Ca and Mg sulfates. Spectra 
of gypsum, kieserite, and ferrous sulfate, taken with the 
same instrument under the same conditions are shown for 
comparison. 

For identification of spectral features, we employed the 
Arizona State spectral libraries [ Christensen et al , 2000b]. 
The broad dip at 3500 cm -1 is diagnostic of sulfates, but the 
depth of the double band at 3000 and 3100 cm -1 and the 
structure of the 900-1200 cm -1 region is indicative of kie- 
serite. The structure from 1500 to 1700 cm -1 , however, is 
much more consistent with gypsum. The infrared spectrum 
sample C, the precipitate formed by evaporating brine under 
current Mars conditions, indicates that it is mostly composed 
of a mixture of gypsum and kieserite. 

[ 28 ] Precipitates from the evaporation of Mars analog brine 
under an acidic atmosphere, labeled sample F, had a more 
fluffy, amorphous appearance in the microscope with smaller 
amounts of long crystals. The infrared reflectance spectrum of 
this precipitate is shown below in Figure 7. The same com- 
parison spectra for kieserite, gypsum, and copiapite are also 
shown. Sample F has the diagnostic deep bands at 3000 and 
3100 cm -1 of a CaS0 4 , probably kieserite, although more 
hydrated forms are also possible. The deep band at 1700 cm -1 
indicates that other phases are present, although comparisons 
with all the available spectra for salts from the ASU SpecLab 
library yielded no plausible candidates. 

6.2. SEM Imaging and Microprobe Analysis 

[ 29 ] Evaporite samples were shipped to the Institute of 
Meteoritics at the University of New Mexico for SEM 
imaging and microprobe elemental composition analysis. 
Analyses for both sets of experiments were conducted at the 
University of New Mexico using a JEOL SEM and JEOL 
8200 electron microprobe. Backscattered electron images 
were obtained using the Institute of Meteoritics JEOL 
5800LV scanning electron microscope (SEM) with an attached 


Oxford Isis Series 300 energy dispersive microanalytical 
system. The SEM was optimized for high-resolution imag- 
ing, which requires a 20 kV acceleration voltage, a sample 
current of 20 nA, a spot size of 8-10 nm, and a working 
distance of 8-16 mm. 

[ 30 ] Elemental compositions and electron micrographs of 
five precipitate samples are shown in Figure 8. Below each 
micrograph is a plot of the elemental composition of the 
evaporite (blue solid lines) compared with the elemental 
composition of Mars’ global fines from Viking Lander XRF 
data (red dashed lines). Evaporites formed by evaporation 
under simulated present-day Mars atmosphere are shown in 
the first three columns. The blade-like crystals precipitated 
under these conditions are mostly calcium sulfate, and the 
elemental compositions are dominated by Ca and S. How- 
ever, small amounts of Al are found in the precipitate samples 
of the second and third columns, and some Mg appears in the 
precipitate shown in the third column. Mass balance strongly 
suggests that in addition to the dominant CaS0 4 , smaller 
amounts of MgS0 4 and A1 2 (S0 4 )3 (alunagen) also precipi- 
tated when the S-rich brine was evaporated under modern 
Mars conditions. In contrast, brines that were evaporated 
under a simulated Mars atmosphere rich in acidic gases 
produced precipitates that were more blob-like in the electron 
micrographs. Elemental analysis of these samples, in the 
fourth and fifth columns of Figure 8, show that they are 
dominated by magnesium sulfates. A small amount of Na 
appears in the elemental analysis of the precipitate in the fifth 
column. Once again, mass balance argues that this is probably 
precipitated Na 2 S0 4 , as either themardite or mirabilite. 

7. Discussion 

[ 31 ] The Mars analog brines that evaporated into a paleo- 
Mars, acid-rich atmosphere produced precipitates slightly 



Figure 7. FTIR reflectance spectrum of evaporite formed 
by fast evaporation of Mars analog brine under simulated 
present-day conditions on Mars. Sample F has the diagnostic 
deep bands at 3000 and 3100 cm -1 of a CaS0 4 , probably 
kieserite, although more hydrated forms are also possible. 
Comparison with the ASU spectral library [ Christensen 
et al , 2000b] shows the presence of Ca and Mg sulfates. 
Spectra of gypsum, kieserite, and ferrous sulfate, taken with 
the same instrument under the same conditions are shown for 
comparison. 


8 of 11 


E06009 


MOORE ET AL.: SIMULATIONS OF MARS EVAPORITE CHEMISTRY 


E06009 


SEM Elemental Analysis of eva pontes created from high- 3 brines but evaporated under modem Mars and acidic gas-rich (Paleo) conditions 
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Figure 8. SEM elemental analysis of evaporites created from high S brines and evaporated under modem 
Mars (modem) and acidic gas-rich (paleo) conditions. 


richer in S because of replenishment by S0 2 from the head- 
space gas. The lower pH of these waters encouraged the 
precipitation of MgS0 4 rather than CaS0 4 , and the abun- 
dance of dissolved S was high enough that other cations, such 
as Al, Na, and K, also precipitated in minor amounts as sul- 
fates. Mars analog brines that evaporated under present Mars 
conditions precipitated mostly CaS0 4 , and smaller amounts 
of the minor sulfate phases. The fact that Ca sulfates are 
preferentially formed under present atmosphere is consistent 
with the “recent” formation process of the unique gypsum- 
rich dunes detected in Olympia Planitia proposed by Fishbaugh 
etal. [2007]. 

[ 32 ] Our experiments show that the relative abundance 
of minor sulfate phases can be diagnostic for the kind of 
atmosphere under which the evaporite formed. Specifically, 
Na 2 S0 4 was associated with the precipitation of MgS0 4 
under acidic Mars conditions and A1 2 (S0 4 ) 3 was more 
prevalent in the CaS0 4 precipitates produced from the 
evaporation of the Mars analog brine under present Martian 
conditions. 

[ 33 ] More experiments testing a wider range of chemistries 
and aqueous histories will be necessary to understand the 


formation of salt mineralogies being revealed on Mars by 
TES, OMEGA, the MERs, and now CRISM. 

8. Conclusions 

[ 34 ] Using a specially built apparatus for simulating the 
chemical, pressure, and temperature conditions of present 
Mars, and a model for early Mars, we produced four varieties 
of evaporites. The chemical composition of the precursor 
brine was guided by previous laboratory work that focused on 
the production of a Mars analog brine from an SNC-derived 
mineralogy under a model paleo-Mars atmosphere with 
added volcanic gases [Bullock and Moore, 2004]. Evaporites 
were formed by fast (days) and slow evaporation (weeks), 
and under a gas simulated the present-day Mars atmosphere 
and a gas simulating the acidic paleo-Mars atmosphere. 

[ 35 ] Infrared reflectance spectroscopy and SEM micro- 
probe analyses revealed that salts precipitated from the 
evaporating brine under simulated present Mars conditions 
were chemically different from those formed under the acidic 
Mars atmosphere conditions. Electron probe and IR spec- 
troscopy show that evaporites precipitating out of a simulated 
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present-day Martian brine consists mostly of calcium sul- 
fates. Small amounts of magnesium and aluminum sulfates 
also comprised these precipitates. 

[36] Similar analyses of evaporites that precipitate out of 
brines under a simulated acidic atmosphere show that they are 
mostly magnesium sulfates, although calcium sulfates are 
also formed in significant amounts. Smaller amounts of Na, 
Al, and K sulfates also precipitated under these conditions, 
with these minor phases being more abundant than in pre- 
cipitates formed under present Mars conditions. 

[37] These experiments suggest ways that relative cation 
abundances in Martian salt-bearing sediments can indicate 
the atmospheric and aqueous conditions under which they 
were formed. Mg sulfates dominate the sulfate chemistry 
of the Meridiani outcrop, but Ca, Fe, and K sulfates were 
also detected by Opportunity. The chemistry of the Meridiani 
outcrop sulfates more closely resembles the evaporites that 
we produce under simulated acidic paleo-Mars conditions, 
with small amounts S0 2 , N0 2 , and HC1 gases present. We 
conclude that the salts that make up the Meridiani sediments 
were probably formed by the interaction of water and igneous 
rocks at a high water-to-rock ratio, followed by desiccation 
under an atmosphere rich in acidic volcanic volatiles. The 
formation of Ca sulfates on Mars was most likely due to the 
evaporation or freezing and sublimation of waters in equi- 
librium with an atmosphere much like the present one. 
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